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A B S T R A C T

In the laboratory, the density of pavement cores (cylindrical samples of hot mix asphalt (HMA) material taken
from roads) is assessed using an electromagnetic (EM) bench consisting of two ultra-wideband (UWB) Vivaldi
antennas and a vector network analyser (VNA). The main objective is to replace the nuclear gauge system
currently used in the laboratory as the standard method for this purpose. Firstly, specific antipodal Vivaldi
antennas have been adapted from the literature. Their dimensions are 7 × 7 cm with a bandwidth [1.5–
15 GHz]. Secondly, a tomographic approach is compared with an analytical solution and a Finite-Difference
Time Domain (FDTD) simulation, based on a time-domain estimation of the dielectric under test (DUT) with a
single transmitter/receiver configuration. A laboratory validation is presented and the adapted antennas as well
as the time domain approach show acceptable results for assessing the dielectric constant on known materials.
Finally, to show that the proposed EM bench is a promising non-ionizing solution, the density or equivalent
compactness of HMA cylindrical samples is estimated and compared with nuclear gauge results.
1. Introduction

In the field of civil engineering, and more particularly in the road
building, it is mandatory to control some physical parameters of the
implemented materials with standard methods. These controls ensure
that technical specifications have been followed, which are required
to reach dimensions and mechanical characteristics that guarantee the
best safety/cost ratio as well as an optimal lifetime. Among these
parameters, density (or compactness) of bituminous materials (HMA)
must be controlled since it is related to mechanical strength able to
support traffic solicitations. Density is directly related to HMA air
content and can be assessed on site or in the laboratory. HMA mate-
rials of newly-paved road are basically composed of rock aggregates,
bituminous binder, filler (limestone powder) and air.

For on site control, nuclear methods based on back-scattered or
transmitted gamma rays [1–4] exist but have become more and more
rare since regulation is now very restrictive as far as concerned the
use of nuclear sources (transport, maintenance, storage and exposure to
ionizing radiations for users). Three kinds of alternatives EM solutions
have been proposed in the last decade. First, it is now common to assess
the on site density/compactness with low frequency EM methods [5].
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Nevertheless, these on site EM methods still have to convince [6–8]. Al-
Qadi et al. [9] followed by Leng et al. [10] used a Ground Penetrating
Radar (GPR) system (i) to measure the dielectric constant of surface
HMA layers and (ii) to assess the density based on mixing rules models
given by Sihvola [11]. These models give the density in function of the
measured dielectric constant of the mix and of the dielectric constant,
the specific gravity and the mass content of each element compounding
the mix. Nevertheless, the use of GPR for density/air void assessment
remains questionable if users intend to assess this parameter with an
error less than 2% of the true value, as shown in recent experiments
performed by Prowell and Dudley [6]. Moreover, the drift of the
GPR signal amplitude observed on many commercial GPR remains
a problem [12]. Alternative and more stable solutions with a step
frequency radar (SFR) using an ultra wide band (UWB) antenna and
a VNA have demonstrated the ability to assess the density on site and
in the laboratory on slabs samples [12–14], without EM signal drift
encountered with GPR method, and including the increasingly frequent
case of unknown recycle aggregates in HMA [15].

In the laboratory, density control can be performed by means of
hydrostatic weighing. A mean value of the whole tested core is then
https://doi.org/10.1016/j.ndteint.2024.103212
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obtain. The nuclear gauge in the laboratory (gamma bench) enable
the density assessment in function of core height. This nuclear method
is based on the emission of gamma rays by a nuclear source such as
Cesium 137 and the reception after crossing the core by a device similar
to a Geiger–Müller counter [16]. This method is standard and offer an
accuracy less than 2% from the true density. Replacement of gamma
bench is now a major issue since this method generates increasingly
costs and constraints.

The objective of this work is to propose a non-nuclear solution to
control the HMA density in the laboratory with an accuracy equivalent
to the gamma bench. The proposed approach is an EM tomography
system composed of two UWB antennas and a VNA, allowing the
wave propagation through cylindrical samples to measure the dielectric
constant of HMA, and then, to assess the density with mix models.

EM tomography is widely used in medical domain [17–21]. It allows
the characterization of physical properties inside the human body to
detect, for example, cancerous tumours [22]. Tomography can spatially
reconstruct the complex dielectric properties of the studied medium
from a few hundred MHz to a few GHz. EM tomography systems
generally use an array containing several antennas [20,23–25]. The
number of signals collected depends on the number of emitter/receivers
pairs. This design requires that the antennas be small enough to be
housed in a limited space, while maintaining a weak coupling between
them. In addition, a necessary switching matrix device and several
cables make the system complex and rather costly. Consequently, to
avoid antenna couplings and complex operation of switching channels
as well as to reduce the cost, a system with two mobile antennas is
proposed in this work. This type of systems has already shown its
capacity to reconstruct the dielectric properties of objects [26–30].

Several antennas have been proposed for different tomographic sys-
tems studied in the literature such as horn antennas [26,31], monopole
antennas [32–35], bow-tie antennas [36,37] and Vivaldi antennas [25,
38,39]. However, one of the structure that stands out among others in
microwave imaging is the balanced antipodal Vivaldi antenna due to
its UWB, gain and directivity properties [40,41].

Microwave imaging can be formulated in the frequency domain as
well as in the time domain. In the frequency domain, single frequency
measurements performed with a VNA are generally used to reconstruct
the target profile, which simplifies the calculations but turns out to
be inadequate for reconstructing very heterogeneous objects [27,28].
Several multi-frequency solutions have been introduced to improve the
quality of imaging and the stability of the inversion algorithms [25,42,
43]. Alternative approach consist to generate an EM pulse in the time
domain, leading to a rapid acquisition. Such systems have been pro-
posed for clinical applications [44–46]. We noticed that [47] performed
permittivity measurement from [7 to 17 GHz], with an amplitude-
phase analysis regression and by studying the waves passing trough
cylindrical samples from the top to the bottom bases. The solution
proposed here is based on a simple time domain analysis of EM-
waves passing through cylindrical sample, perpendicular to its axis.
This time domain analysis results from an Inverse Fourier Transform of
the EM-waves from 1.5 GHz to 15 GHz generated by a VNA. Software
developed in C language is used to control the analyser and move an
emitter-receiver pair of ETSA along the axis of cylindrical cores from
the top to the bottom bases.

In a first section, the theoretical basics of EM wave propagation
through dielectric cylindrical sample is reminded and the simple to-
mography approach in time domain is explained, as well as FDTD
simulation that helps to compare our results with measurements. This
section also contains some signal processing to offer a good time
resolution. In a second section, experiments are performed in the
laboratory on cores and leads to permittivity assessment of the com-
pactness/density of HMA samples. In the last section, a discussion
proposes future developments to be considered to make the solution
evolve towards a system allowing more complex acquisitions and a

finer description of the dielectric properties of materials.

2 
2. Theoretical backgrounds

2.1. Classical analytical model

The EM bench simulation is based on a TEz polarization scattered
y a circular cylinder considered as infitine in 𝑧 direction, as shown in
ig. 1. The incident magnetic field can be written as [48]:

𝑖 = 𝐻0𝑒
𝑗𝛽0𝑥𝐞𝑧 = 𝐻0𝑒

𝑗𝛽0𝜌 cos(𝜙)𝐞𝑧 = 𝐻0

+∞
∑

𝑛=−∞
𝑗−𝑛𝐽𝑛(𝛽0𝜌)𝑒𝑗𝑛𝜙𝐞𝑧 (1)

using Bessel functions properties and the Jacobi-Anger expansion. 𝐞𝑧
is the unite vector, 𝑗 the complex number satisfying 𝑗2 = −1, (𝜌, 𝜙) the
cylindrical coordinates, 𝛽0 =

𝜔
𝑐 the propagation factor, and 𝑐 = 1

√

𝜀0𝜇0
=

.108 ms−1 the speed of light in vacuum for 𝜀0 (resp. 𝜇0) the permittivity
resp. permeability) in free-space, defined as:

𝜀0 = 8.854187816 10−12 F m−1

𝜇0 = 4𝜋 10−7 H m−1

Theoretical results give the scattered and diffracted magnetic fields
as:

H𝑠 = 𝐻0

+∞
∑

𝑛=−∞
𝑎𝑛𝐻

(2)
𝑛 (𝛽0𝜌)𝑒𝑗𝑛𝜙e𝑧

H𝑑 = 𝐻0

+∞
∑

𝑛=−∞
𝑏𝑛𝐽𝑛(𝛽𝜌)𝑒𝑗𝑛𝜙e𝑧

(2)

here 𝛽 = 𝜔
𝑐

√

𝜀′𝑟 the propagation factor in DUT (lossless dielectric)
and 𝜀′𝑟 the real dielectric constant (which is now replaced by ‘‘per-
mittivity’’), the coefficients 𝑎𝑛 and 𝑏𝑛 are developped in Eqs. (3) and
(4) using boundary conditions verifying the continuity of electric and
magnetic fields (tangential components). 𝐽𝑛 and 𝐽 ′

𝑛 (resp. 𝐻 (2)
𝑛 and

𝐻 ′(2)
𝑛 ) represent the Bessel (resp. Hankel) function of the first kind (resp.

econd kind) and its derivative.

𝑛 = 𝑗−𝑛
𝐽 ′
𝑛(𝛽0𝑎)𝐽𝑛(𝛽𝑎) −

√

𝜇𝑟∕𝜀𝑟𝐽𝑛(𝛽0𝑎)𝐽 ′
𝑛(𝛽𝑎)

√

𝜇𝑟∕𝜀𝑟𝐽 ′
𝑛(𝛽𝑎)𝐻

(2)
𝑛 (𝛽0𝑎) − 𝐽𝑛(𝛽𝑎)𝐻

′(2)
𝑛 (𝛽0𝑎)

(3)

𝑛 = 𝑗−𝑛
𝐽𝑛(𝛽0𝑎)𝐻

′(2)
𝑛 (𝛽0𝑎) − 𝐽 ′

𝑛(𝛽0𝑎)𝐻
(2)
𝑛 (𝛽0𝑎)

𝐽𝑛(𝛽𝑎)𝐻
′(2)
𝑛 (𝛽0𝑎) −

√

𝜇𝑟∕𝜀𝑟𝐽 ′
𝑛(𝛽𝑎)𝐻

(2)
𝑛 (𝛽0𝑎)

(4)

The scattered and reflected electrical field can be found from Maxwell’s
Ampere law:

𝐄 = 1
𝑗𝜔𝜀

∇ ×𝐇 = 1
𝑗𝜔𝜀

(

1
𝜌
𝜕𝐻𝑧
𝜕𝜙

𝐞𝜌 −
𝜕𝐻𝑧
𝜕𝜌

𝐞𝜙
)

leading to:

E𝑠 =
𝐻0
𝑗𝜔𝜀

+∞
∑

𝑛=−∞

(

𝑗𝑛𝑎𝑛
𝜌

𝐻 (2)
𝑛 (𝛽0𝜌)e𝜌 − 𝛽0𝑎𝑛𝐻

′(2)
𝑛 (𝛽0𝜌)e𝜙

)

𝑒𝑗𝑛𝜙

E𝑑 =
𝐻0
𝑗𝜔𝜀

+∞
∑

𝑛=−∞

(

𝑗𝑛𝑏𝑛
𝜌

𝐽𝑛(𝛽𝜌)e𝜌 − 𝛽𝑏𝑛𝐽
′
𝑛(𝛽𝜌)e𝜙

)

𝑒𝑗𝑛𝜙
(5)

This solution can be calculated for a set of frequencies (in our work,
601 frequencies in the range [1.5–15 GHz]). Then, the equivalent
olution in the time domain can be deduced using the Inverse Fourier
ransform (IFT). The 𝐸𝑦(𝑓 ) field is calculated using Eq. (6) for 𝑁
requencies. Finally, the field in the time domain, the so-called pulse,
s obtained by simple IFT multiplied by the parameter 𝑆11 of the
ransmitting antenna used in our experiment.

𝑦(𝑡) =
1
𝑁

𝑁−1
∑

𝑛=0
𝐸𝑦(𝑓 )𝑒

−𝑖2𝜋 𝑓𝑛
𝑛 𝑆11(𝑓 ) (6)

The basic processing applied to this signal leads to the calculation
of the permittivity 𝜀′𝑟 of the DUT by a simple law based on the detection
of the travel times between transmitter and receiver with and without
the DUT:

𝜀′ = ((𝑡 − 𝐷 − 𝑑 ) 𝑐 )2 (7)
𝑟 𝑡 𝑐 𝑑
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Fig. 1. TEz polarization scattered by a circular cylinder of radius 𝑎, infinite in 𝑧-direction and with a permittivity of 𝜀 = 𝜀′𝑟𝜀0.
Fig. 2. First model to compare FDTD and analytical solution on a single layer cylindrical sample.
Where 𝑡𝑡 represents the total propagation time in air and through the
DUT, 𝐷 the distance between port to port of the antennas and 𝑑 the
diameter of the sample (see Fig. 2). The travel time in the emitter and
receiver is taken into account and its contribution disappears in the
substraction of Eq. (7).

2.2. Finite difference in time domain simulation

2.2.1. First FDTD modelling compared with analytical approach: homoge-
neous cylinder composed of one dielectric material

In order to estimate the analytical approach, the system shown
in Fig. 2 was modelled with FDTD (Finite-difference time domain)
Empire XPU software (IMST GmbH). It consists of a homogeneous
cylinder with permittivity 𝜀′𝑟 = 6, diameter 𝑑 = 15 cm and thickness
𝑇ℎ = 32 cm and two ETSA (7.2 cm * 7.2 cm * 0.9 cm) with a bandwith
[1.5, 15 GHz], specifically adapted for this work. The model shows
a measurement at one single position alongside the DUT, considered
here as infinite thickness: the two antennas face each other, separated
by a distance 𝐷 = 80 cm, at a position 𝑧 corresponding to the centre
of the cylinder axis. The characteristics of these antennas are fully
described in [49]. The frequency band was chosen so as to obtain,
after IFT, a time-domain pulse with a half-height width of 0.22 ns. In
most pavement materials considered to be lossless dielectrics, the true
relative permittivity is between 4 and 9 [14]. In addition, the cores

taken from pavements generally have a diameter of between 5 and

3 
25 cm. The wavelength in the material is therefore between 2 and 3 cm,
which is sufficient to characterize these samples in the time domain.

The result of the FDTD simulation shown in Fig. 3 is composed of
six time pictures corresponding to:

• (a) At 𝑡 = 0.21 ps, a pulse whose Fourier transform centred at
6 GHz (derivative of a Gaussian pulse), is generated at the input
port of the transmitting antenna.

• (b) At 𝑡 = 1.02 ns, the main pulse arrives at the DUT perimeter;
• (c) At 𝑡 = 1.69 ns, according to Snell-Descartes law, a part of

the energy is back-scattered to the transmitting antenna while
(i) another part of the energy entered into the DUT and (ii) a
diffracted (grazing) pulse turns around the DUT.

• (d) At 𝑡 = 2.31 ns, the pulse arrives at the receiver antenna while
the pulse inside the DUT is nearly to be diffracted at the frontier
with the air.

• (e) At 𝑡 = 2.65 ns, at the receiver port, the max energy of the
pulse is recorded (see also Fig. 5) corresponding to the waves that
travelled in air and turned around the DUT on a half-perimeter.
Moreover, a diffracted pulse outside the DUT is forming.

• (f) At 𝑡 = 3.38 ns, the pulse that passed through the DUT is
recorded at the receiver port (see Fig. 5).

The field strength is recorded at the receiver port position and we
plot the linear module of the pulse, with and without the DUT, for both
analytical model and FDTD simulation. They are represented in Figs. 4

and 5, respectively.
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Fig. 3. Time evolution of pulse propagation within the electromagnetic bench. See explanation in the text for the six time steps from (a) to (e).
Without DUT, both time signals approximately present a maximum
at the same location (𝑡𝑎𝑖𝑟 = 2.66 ns and 𝑡𝑎𝑖𝑟 = 2.67 ns with analytical and
FDTD solutions, respectively), representing the travel time of the pulse
between the two antennas separated by a distance of 𝐷 at the speed
of 𝑐 in air and at an unknown speed inside antennas. With DUT, three
significant peaks are observed in FDTD simulation, and only one with
analytical model: the first FDTD peak, located almost at the same time
as the experiment without the DUT, corresponds to a grazing wave that
circled the cylinder in the air. Regarding the absence of the first peak in
the analytical solution, a more complete formulation would be to take
into account the waves diffracted by grazing angles [50].

The second peak that is common in both analytical and FDTD solu-
tions, at the time 𝑡𝑡 = 3.39 ns and 𝑡𝑡 = 3.38 ns respectively, corresponds
to the pulse travelling through the DUT, the air and the antennas.
4 
Table 1
Comparison of real permittivity results between analytical model and FDTD model
(FDTD).

Solution 𝑡𝑎𝑖𝑟 (ns) 𝑡𝑡 (ns) 𝜀′𝑟 Relative error (%)

Analytical 2.66 3.39 5.98 ± 0.65 0.3
FDTD 2.67 3.38 5.88 ± 0.64 1

The third FDTD peak is a ripple of the second one, probably due to
internal reflections within the simulated antenna. The relative error of
the DUT permittivity between analytical and FDTD solutions with the
permittivity of the model (𝜀′𝑟 = 6) is 0.3% and 2%, respectively, which
is acceptable for the characterization of a material. The uncertainty of
the calculated permittivity is based on a time resolution 𝑅 = 1
𝑀𝑎𝑥𝐹𝑟𝑒𝑞
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Fig. 4. Pulse (module) at the receiver after travel in the air (without DUT).

Fig. 5. Pulse (module) at the receiver after passing through the DUT. The first, second
and third peaks correspond to a grazing wave circling the cylinder in the air, to
the signal passing through the DUT recorded at 𝑡𝑡 and to a ripple inside the DUT,
respectively.

where 𝑀𝑎𝑥𝐹𝑟𝑒𝑞 = 15 GHz. In the present case, 𝑅 = 6.67.10−2 ns. All
consequences of these values are discussed in the experimental section
on HMA real cores for compaction assessment. All values of travel times
and permittivities with and without the DUT are summarized in the
Table 1.

2.2.2. Second FDTD modelling: core with several dielectric layers
In this second modelling shown in Fig. 6, we simulate in FDTD a full

measurement alongside the multilayered DUT axis, as if we perform a
tomography by moving both antennas in 0.5 cm steps in a direction
parallel to the axis (Oz). The aim is also to highlight edge effects
(diffraction of EM waves) at the cylinder bases/air transition or at the
transition between two HMA layers. The two antennas are distant from
𝐷 = 69.5 cm. The DUT with a diameter 𝑑 = 15 cm and a thickness
𝐿 = 32 cm, is composed of four layers of 5, 2, 10 and 15 cm thickness
with a permittivity of 𝜀′𝑟1 = 4, 𝜀′𝑟2 = 5, 𝜀′𝑟3 = 6 and 𝜀′𝑟4 = 7, respectively.
For each displacement, the pulse sent by the transmitting antenna 𝐸,
is simulated. The amplitude of the field at the receiving antenna 𝑅 for
ach position is recorded and reproduced as a B-scan as shown in Fig. 7.
he abscissa axis is the scanning distance, i.e., the displacement of the

ntennas in (Oz) direction alongside the cylinder axis. The ordinate axis

5 
Fig. 6. (a) Second model in FDTD to study edge effect of a multi-layer cylindrical
sample. (b) The layer number, the thickness and the permittivity of the modelled DUT.

represents the propagation time of the pulse from the transmitter to the
receiver and the grey-colour the nomalized amplitude of the pulse.

This B-scan presents three different zones: (1) the pulse correspond-
ng to the propagation in the air (before and after encountering the
UT), (2) the pulse crossing the DUT, (3) the grazing pulse passing

around the cylindrical sample.
The B-scan (Fig. 7, (a)) shows that the layers and the two bases

of the DUT are delineated by hyperbola signatures, corresponding to
diffraction between two media of different permittivity. In order to
have a higher horizontal resolution, a classical processing signal in
GPR domain is applied: the Kirchhoff migration (KM). KM is performed
by using the Kirchhoff integral representation of a field at a given
point as a superposition of waves propagating from adjacent points and
times [51]. In two-dimensional (2D) case and in our coordinate system,
(see Fig. 1 and let 𝑥 → 𝑥 + 𝑎), we define 𝑝(𝑧, 𝑥 = 0, 𝑡) the recorded data
corresponding to the solution of the 2D-scalar Maxwell equation, where
𝑧, 𝑥, 𝑡 are the surface coordinates along the scanning distance, the
depth, and the time, respectively. The integral solution (8) is defined
by Gazdag and Sguazzero [52] and Smitha et al. [53]:

𝑝(𝑧1, 𝑥1, 𝑡 = 0) = ∫
cos 𝜃
√

2𝜋𝑟𝑣

𝜕1∕2𝑝
𝜕𝑡

(𝑧, 𝑥 = 0, 𝑡 = 𝑟∕𝑣)𝑑𝑧. (8)

Where 𝑣 = 1
2

𝑐
√

𝜖𝑟
is the half velocity, 𝑟 =

√

(𝑧1 − 𝑧)2 + 𝑥21 is the radial
istance from the source receiver location to the scatter-point and 𝜃 is
he angle between the 𝑥-axis and the line passing through the (𝑧1, 𝑥1)
nd (𝑧, 𝑥 = 0) points. The factor

√

2𝜋𝑟𝑣 takes into account for the 2D-
pherical spreading. cos 𝜃 compensates the diffraction amplitudes [54].

The result after migration is shown in Fig. 7, (b).
The objective is to estimate the DUT permittivity thanks to travel

time picking on the module of the B-scans and using Eq. (7). We pick
the travel time pulse of zone (1) in air and (2) after passing through the
DUT of the Figs. 7, (a) and (b). This time is obtained by selecting, as in
the first modelling, for each position of antennas along the DUT axis,
the maximum of the module of the corresponding signal. The Fig. 8
shows the profile of the permittivity 𝜀′𝑟 of the sample as a function of the
position of the antennas along the DUT axis. We note that the picking
of travel times on the raw data (Fig. 7, (a)) induces errors (Fig. 8, blue
crosses) in the assessment of the permittivity of the multilayer cylinder,
since some of these picked times are positioned on the tails of the

diffraction hyperbolas. Conversely, KM (Fig. 7, (b)) reduces the effects
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Fig. 7. FDTD B-scan of the second model (see Fig. 6): (a) raw data with (1) pulse in the air, (2) pulse passing through the 4-layer DUT and (3) grazing waves. (b) The same
B-scan after KM processing.
Fig. 8. The assessed permittivity using the FDTD results of the second multilayer system (see Fig. 6). (a) Main characteristics of the DUT layers. (b) Representation along (Oz)
axis of the DUT with the layers’ numbers. (c) With (red crosses) and without (blue crosses) KM, the assessed permittivity is obtained by travel time picking on the B-scans module
of Fig. 7 and using Eq. (7). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
of diffraction at layer transitions. It leads to more accurate picking and
enables permittivities to be better evaluated, even for layers of the or-
der of 2 cm thick (Fig. 8, red crosses). KM, first for seismic [52] and now
for time-domain radar, represents a major advance in signal processing.
In our case, it makes it possible to determine the permittivity (and
therefore the compactness/density) of a multi-layer material, as is the
case for samples taken from newly-paved roads.
6 
2.2.3. Evaluation of the HMA density
Once the permittivity is assessed, EM mixing models are required

to calculate the bulk density 𝜌𝐻𝑀𝐴𝑆 (also called bulk specific gravity)
or compactness 𝐶 of the HMA. The HMA is assumed to be a 4-phase
material consisting of binder (b), filler (f), aggregates (a), and air (air).
With EM bench, the permittivity of HMA is measured and is a function
of the permittivity of each component, given by the following power
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Fig. 9. EM bench components: The NWARADAR software drives the VNA that measures the S-parameter at a given position of the antennas. Once the measurement is achieved,
the stepper motor moves to the next position and a new measurement is done.
law equation [11]:

(𝜀′𝑟)
𝛼 =

∑

𝑖
𝐶𝑖(𝜀′𝑖)

𝛼 (9)

With 𝑖 = [𝑏, 𝑓 , 𝑎, 𝑎𝑖𝑟]. 𝐶𝑖 is the volume concentration of the 𝑖th
component. In this study, we choose 𝛼 = 1

2 corresponding to the
Complex Refractive Index Model (CRIM). The 𝛼 parameter can have
different values. Moreover, other models exist and have been tested.
They can be found in the work of Araujo et al. [15]. Adapting Eq. (9) to
the specific application of the 4-phase HMA compactness 𝐶 evaluation
gives the following equation [12]:

𝐶 =
(𝜀′𝑟)

𝛼 − 1
1
𝑍 (𝜀′𝑎)𝛼 +

𝐶𝑟𝑏
𝑍 (𝜀′𝑏)

𝛼 + 𝐶𝑟𝑓
𝑍 (𝜀′𝑓 )

𝛼 − 1
(10)

where 𝐶𝑟𝑖 is the relative volume concentration of the 𝑖th component
and 𝑍 is equal to:

𝑍 = 1 +
𝜌𝑎𝑇𝑏
𝜌𝑏𝑇𝑎

+
𝜌𝑎𝑇𝑓
𝜌𝑓𝑇𝑎

= 1 + 𝐶𝑟𝑏 + 𝐶𝑟𝑓 (11)

Finally the density is simply related to the compactness by the
following equation :

𝜌𝐻𝑀𝐴𝑆 = 𝐶𝜌𝐻𝑀𝐴𝑀 (12)

where 𝜌𝐻𝑀𝐴𝑀 is the (maximum) specific gravity or the theoretical
density for an air volume equal to 0.

For optimal accuracy in assessing compactness with the CRIM
model, knowledge of the density (𝜌𝑎,𝑏,𝑗), weight concentration (𝑇𝑎,𝑏,𝑓 )
and permittivity (𝜀′𝑎,𝑏,𝑓 ) of each component is required. Road builders
provide the HMA formulation, included all components density and
weight concentrations as well as the specific gravity 𝜌𝐻𝑀𝐴𝑀 . The
values of the permittivities of fillers (6) and binders (2.52) vary little
from case to case across the world and, moreover, their proportion is
low in the mixture. Therefore their contribution in the permittivity of
the mix is low. Conversely, as the aggregates make up the main part
of the mix, the knowledge of their permittivity is essential, especially
since they vary in a significant range (from 4 to 9) depending on their
geological origin [12,14]. Therefore and in most cases of study, the
permittivity of aggregates is unknown and requires a specific dielectric
characterization, conducted in cylindrical cavity for example [55].
Another solution is to obtain at least one core where the density is
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evaluated by standards (hydro-static weighing, nuclear methods) and
where the aggregate permittivity is back-calculated. This last method
is adopted in the experimental section and it is based on the use of a
nuclear bench previously produced by the manufacturer.

3. Electromagnetic bench experiment in the laboratory for HMA
denisty assessment

3.1. Description of the system

The EM bench shown in Figs. 9 and 10 consists of a VNA (Agilent
E8362B) and two ETSA. The antennas are placed facing each other,
separated by a distance 𝐷 from port to port, the origin being fixed at
the cable transition/antenna input. A DUT of diameter 𝑑 is placed in the
middle between antennas, which can move thanks to a stepper motor
with a given step ranging from few mm to 1 cm along the (Oz) axis,
corresponding to the cylinder axis.

The aim is the density/compactness assessment of HMA cylindrical
samples. Materials are usually dried in oven in order to remove all
potential water content. HMA are lossless dielectrics [12,13]. Conse-
quently, only the real dielectric constant (called the permittivity) 𝜀′𝑟 of
the sample is considered.

The entire EM bench is driven by a software [56] developed in the
laboratory. At each step, a measurement of 𝑆21-parameter is performed
on 1601 frequencies ranging in [1.5–15] GHz, corresponding to the
−10 dB threshold determined by measuring the 𝑆11-parameters for each
antenna. In order to have an optimal signal in the time domain thanks
to the IFT, a zero-padding process out of the frequency band allows
a better resolution and a Kaiser windowing [57] is applied on the
𝑆21-parameter to smooth the contribution the second lobes [58].

3.2. Experimental results

3.2.1. Calibration
The EM bench was tested on various cylindrical samples in the

laboratory. The first measurement was carried out on a cylindrical
Teflon sample (see on the left of the Fig. 11) with a diameter 𝑑 = 8.5 cm
and a thickness 𝐿 = 32 cm. Measurements were made for three different
configurations as a function of the distance D between the two antennas
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Fig. 10. EM bench in the laboratory during measurement.
Fig. 11. Cylindrical samples of Teflon and HMA.

Fig. 12. Permittivity Profile of Teflon for D = 30, 40 and 50 cm.

(port to port); 𝐷 = 30, 40 and 50 cm. The 𝑆21-parameter is recorded in
steps of 5 mm by 60 cm along the samples (see Table 2).

Under the assumption that Teflon is a non-dispersive material at
the frequencies used, the comparisons between the mean permittivities
obtained with the EM bench and with the cylindrical cavity reference
method [14] are close to 0.2 to 0.6% for D=30 to 50 cm. These results
also show that the distance between the two antennas has an influence
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Table 2
Mean permittivity of a Teflon sample obtained with the EM bench for three emit-
ter/receiver distances, compared with the mean permittivity measured in a cylindrical
cavity at six frequencies (0.5, 1.1, 1.3, 2, 2.6, 4 GHz, see Araujo et al. [14]).

Distance (cm) Mean of 𝜖′𝑟 measured Reference of 𝜖′𝑟 Relative error (%)

30 2.155 ± 0.02
2.15 ± 0.1

0.23
40 2.149 ± 0.02 0.25
50 2.165 ± 0.01 0.6

Table 3
HMA characteristics provided by the road builder.

Aggregates BB1 & BB2 (0/10) BB3 & BB4 (0/10) BB5 & BB6 (0/10)

𝑇𝑎𝑔 0.957 0.954 0.947
𝑇𝑏 0.033 0.026 0.043
𝑇𝑓 0.01 0.02 0.01
𝜌𝑎𝑔 (Mg/m3) 2.8 2.8 2.543
𝜌𝑏 (Mg/m3) 1.027 1.033 1.033
𝜌𝑓 (Mg/m3) 2.8 2.8 2.8
𝜌𝐻𝑀𝐴𝑀 (Mg/m3) 2.548 2.591 2.461
𝜀′𝑓 6 6 6
𝜀′𝑏 2.52 2.52 2.52

on the results. As shown in Fig. 12, we notice for this first study that
the closer to the sample the antennas are, the better the results.

3.2.2. Density/compactness assessment on HMA cores
The electromagnetic bench has been tested to assess the bulk density

and the compactness of three pairs of HMA cores (BB1&BB2, BB3&BB4
and BB5&BB6, each pair having its own composition) with known
formulations, of diameter 𝑑 = 8 cm and length 𝐿 = 17 cm. The
distances between antennas is 𝐷 = 30 cm. We use the same frequency
band and data processing than the previous experiment. These samples
are composed of aggregates (0/10), fines, bitumen and air. The mass
content and density of each component as well as the real density
(specific gravity) of the HMA are shown in the Table 3.

The only unknown is the permittivity of the aggregates. Unfor-
tunately, we could not obtain a rock sample in order to control its
permittivity in the cylindrical cavity, while according to Eq. (10), it
is required to assess the compactness.
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Fig. 13. The gamma bench control allows the HMA1 compactness to be assessed. The permittivity of HMA1 aggregates is calculated and its value is then inserted in Eq. (10) to
assess the compactness of HMA2 with EM bench. Finally, the compactness of HMA2 is calculated based on HMA1 aggregates permittivity values.
Table 4
Comparison between the results obtained by the EM bench and by the gamma bench.
HMA Gamma bench EM bench Relative error (%)

𝜌𝑎 (Mg/m3) 𝐶𝑔 𝜀′𝑎 𝜀′𝑏𝑏 𝜌𝑎 (Mg/m3) 𝐶𝐸𝑀

BB1 2.379 ± 0.017 0.933 8.37 7.04 ± 0,03 2.369 ± 0.009 0.929 ± 0.003 0.4
BB2 2.374 ± 0.02 0.931 7.02 ± 0.11 2.365 ± 0.03 0.928 ± 0.011 0.3

BB3 2.427 ± 0.02 0.936 7.99 6.86 ± 0.07 2.41 ± 0.02 0.932 ± 0.008 0.45
BB4 2.447 ± 0.025 0.944 6.84 ± 0.039 2.41 ± 0.011 0.931 ± 0.004 1.41

BB5 2.367 ± 0.02 0.95 6.76 5.81 ± 0.027 2.35 ± 0.009 0.944 ± 0.003 0.65
BB6 2.358 ± 0.016 0.946 5.81 ± 0.06 2.347 ± 0.022 0.942 ± 0.009 0.43
.

Firstly, the methodology starts with a calibration phase: the permit-
tivity of the aggregates 𝜀′𝑎 of the first core BB1 is calculated from the
compactness 𝐶𝑔1 obtained by the nuclear gauge, previously performed
by the road builder. Secondly, the compactness 𝐶𝐸𝑀1 is evaluated with
the EM bench. Thirdly, the permittivity 𝜀′𝑎 is included in the calculation
of the second core BB2, which has the same composition as BB1,
to determine the compactness 𝐶𝐸𝑀2. This procedure is repeated for
pairs of samples BB3-BB4 and BB5-BB6. A schematic diagram is shown
in Fig. 13.

The compactness of these cores was controlled in the laboratory
with the nuclear gauge method according to the European standard [59]
For each sample, two measurements were made with the gamma bench
to determine the bulk density. The mean of the two measurements is
the reference. The B-scans of the six cores are shown in Fig. 14 and the
compactness obtained with the EM bench along their axis (see Fig. 15)
as well as the comparison with the results obtained by the gamma
bench is shown in the Table 4:

The compactness values obtained from the permittivity measure-
ments with the EM bench compared with those obtained by the gamma
bench are very close and therefore acceptable in terms of accuracy (the
majority of relative errors of less than 1%). This first experiment allows
the general approach to be validated: assessing the compactness of the
HMA based on the measurement of its permittivity and the knowledge
of the characteristics of the constituents of the mix (permittivity, the
mass content and the density).

4. Discussion

The measurement system presented had to meet two objectives:
a low cost and simple approach. Firstly, it is based on a config-
uration with a receiver and a transmitter as well as a VNA. The
latter is usually used in laboratories for very precise measurements
of electronic components, and represents a high cost. We have tested
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our method with low-cost analysers and the results are equivalent.
The UWB Vivaldi antennas represent a very reasonable cost and the
technology used remains very affordable. Secondly, the assessment of
density/compactness is based on the measurement of the real permit-
tivity. Road samples are generally dried in oven before tests, their
imaginary parts is low and they are considered as low-loss materials.
Consequently, a simple approach based on the measure of the travel-
time of waves in the time domain, as in GPR prospect ion, appears
suitable to evaluate the permittivity of the cylinder. The density of the
material can then be assessed using electromagnetic mixing laws.

For laboratory testing of the design of new pavements, the measured
compactness must be within 1% of the true value. In our case, this
would require knowing the true value of the permittivity of the HMA
as well as that of the aggregate with an accuracy of less than 2%.
This limit is respected in the laboratory on Teflon samples, as we have
shown. It is more difficult to know whether the value measured with
the electromagnetic bench is accurate or not on pavement samples.
Nevertheless, these initial measurements show that the estimated com-
pactness is of the same order as that obtained with the gamma bench.
To achieve an accuracy of 2% on the permittivity values measured with
the EM bench, the time resolution must be of the order of 1.33 ps.
However, we are here limited in frequency to 15 GHz, and therefore to
a resolution of 6.67 ps. To achieve the desired resolution, we increase
the number of points in the Fourier domain by zero-padding a power-
of-two number of samples. Of course, this technique does not remove
the initial uncertainty of the measurement, but it does allow sufficiently
accurate travel time measurements to achieve the desired resolution.

It is now necessary to continue the laboratory test measurements.
Comparisons between the electromagnetic and nuclear approaches
need to be based on more detailed statistical estimates, taking into
account a wider range of sample characteristics (diameter, type of ag-
gregate). Moreover, our experiment used the nuclear bench to calibrate
the EM bench, as we seek to replace this method. Unfortunately, it was
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Fig. 14. B-scans measured with the data migrated for D = 30 cm for all HMA samples BB1 to BB6.
not possible to obtain aggregates samples to estimate their permittivity
with cylindrical cavities.

While this initial approach validates the concept of an electromag-
netic bench for the replacement of nuclear bench, many improvements
could be envisaged. Increasing the number of transmitting and re-
ceiving antennas would certainly enable more complete results to be
obtained, but this would be at the expense of the technical simplicity
proposed. Rotating the sample would also give additional measure-
ments along the cylinder axis. It could also take into account the
geometric shape of the sample as a priori information in a direct model.
The signal processing performed on these measurements is based on
simple Kaiser-Beta filtering. This attenuates (i) low frequencies and
the potential problems that can arise when making near-field mea-
surements, and (ii) high frequencies which add parasitic ripples to the
original signal, without compromising the time resolution needed to
calculate travel times. However, our measurements are made in a labo-
ratory environment where electromagnetic noise is present. Additional
processing based on temporal windowing and consideration of antenna
radiation patterns [60] would be worth investigating. Furthermore, it
is not always possible to characterize antennas in anechoic chambers.
Far-field correction techniques in a non-anechoic environment, based
on the use of wavelets, would significantly improve the accuracy of
delay measurements [61].
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Finally, a more complete approach allowing an estimation of the
permittivity in the frequency domain, over the whole range considered,
should be envisaged for various types of samples. This would lead to
study a wider range of materials, including those with non-negligible
dielectric losses in Earth sciences (rocks, sands, clays) or in civil engi-
neering (concrete, materials with green binder) and promising a wide
range of applications.

5. Conclusion

The principle of electromagnetic tomography in time domain is
used to replace the gamma bench (nuclear gauge in the laboratory) to
assess the compactness and the density of road materials. We remind
the theoretical basics of incident waves emitted by a point source,
encountering a dielectric cylinder and the measure of the received
waves after passing through and around the cylinder. Based on this
configuration, a electromagnetic bench has been built. It is equipped
with a vector network analyser and two Vivaldi antennas with a band-
pass of [1.5–15 GHz]. It measures the wave travel time after passing
through the cylinder and the permittivity of the sample is deduced.
The measurement principle is validated on known samples (Teflon).
Finally, six cylindrical cores of hot mix asphalt materials are tested
and their compactness/density are assessed thanks to a electromagnetic
mix law. Results are compared with the standard nuclear gauge in the
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Fig. 15. HMA compactness of the six cores.
aboratory. The EM bench gives satisfactory results and represents a
ery promising alternative to nuclear instrument for assessing density
f materials.
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